Abstract-We describe and discuss near-field terahertz wave imaging with a dynamic aperture created on a semiconductor wafer. The spatial resolution of a near-field terahertz wave imaging system with a dynamic aperture created on a GaAs wafer is determined by the diameter of the gating-beam-induced thin photocarrier layer. With a dynamic aperture created on a GaAs wafer, we have achieved a subwavelength spatial resolution of 10. In addition, near-field terahertz wave imaging with a dynamic aperture overcomes the limitations in the reported methods of near-field terahertz wave imaging. Particularly, it is free of the high-pass filtering effect. Various terahertz images are presented to show the possible applications.
T ERAHERTZ (THz) wave imaging has attracted considerable attention since its first demonstration by Hu and Nuss [1] . It is attractive due to its potential applications in diverse areas such as packaging inspection, quality control of plastic parts, chemical composition analysis, and biomedical diagnostics [2] . In contrast to X-ray imaging, THz wave imaging is a safe technique. The spectrum peak of the THz radiation from most conventional THz sources (a photoconductive antenna or electrooptic emitter) is 1 THz. The spatial resolution of THz imaging is limited to several hundred micrometers.
To improve the spatial resolution of THz imaging, researchers have applied the concept of near-field microscopy [3] to the THz region [4] . Near-field THz wave imaging has been realized by inserting a small physical aperture with a diameter of 100 m at the intermediate focus of the scanning THz imaging setup. One can also place the sample that is to be imaged close to the THz emitter to implement near-field imaging [5] . Both methods have shown greatly improved spatial resolution with few limitations. One limitation is that a tapered metal tube with a small aperture size (such as 100 m) is necessary, and a serious spatial filter effect results, due to the waveguide effect, which severely limits the transmitted THz bandwidth. Another limitation is that the spatial resolution is determined by the spot size of the optical pump beam and the finite thickness of the electrooptic crystals, which are necessary for relatively strong THz generation. However, the spot size of the optical beam should not be too small; Manuscript received April 27, 2001; revised July 2, 2001 . This work was supported by the U.S. Army Research Office and by the U.S. National Science Foundation.
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Publisher Item Identifier S 1077-260X(01)09944-0. otherwise two-photon absorption will limit the generation efficiency through the saturation effect [6] . The near-field THz imaging with a dynamic aperture discussed in this paper does not require the introduction of a physical aperture. In this technique, the near-field THz aperture is realized by a transient photocarrier layer induced by an optical gating beam. The size of the photocarrier layer is determined by the focal size of the optical beam, which can be as small as several micrometers, and can be easily adjusted by moving the focusing lens. The thickness of the photocarrier layer is determined by the absorption depth of the optical beam on the semiconductor material, which is generally on the order of several micrometers. Therefore, the high-pass filtering of the THz signal due to the waveguide effect can be avoided and the transmitted THz bandwidth can be maintained.
II. CHARACTERIZATION OF A DYNAMIC APERTURE IN A THz
WAVE IMAGING SYSTEM Fig. 1 shows the schematic of the near-field THz wave imaging setup with a dynamic aperture. The laser source is a regeneratively amplified Ti : sapphire laser (Coherent RegA 9000). Pulses of 830 nm wavelength and 250 fs are produced at a repetition rate of 250 kHz, providing a pulse energy of 2 J. A THz beam with a peak at 0.9 THz is generated by a pump optical beam through optical rectification in a 2-mm-thick (110) ZnTe crystal. The main difference between this setup and the conventional THz wave imaging system is the introduction of an optical gating beam. This gating beam, which is split off from the same laser output, is focused by a lens with cm and illuminates a semiconductor wafer (silicon, GaAs, or LT GaAs) along with the THz beam. The average power of the gating optical pulses is 12 mW, and their arriving time at the semiconductor samples can be independently controlled by a mechanical delay stage. The experimental setup is actually an optical pump and THz probe experimental setup. For a typical optical pump and THz probe experiment, when the THz beam is chopped, the transmission of the THz beam through the sample will show a step-function-like variation with the time delay between the THz and optical pump beam. Such variation of the THz transmission is not quite discernible when the optical beam is tightly focused on a semiconductor wafer, because the effective modulation area is too small to cause significant modulation of the THz transmission. However, by chopping the optical gating beam instead of the THz beam, one can obtain a step-function-like variation of the THz transmission with a greatly improved sensitivity. Fig. 2 shows the variation of the THz signal transmitted through a GaAs wafer with the time delay between the THz pulse and the gating pulse. The gating beam focal size at the GaAs wafer was estimated as 22 m by a scanning measurement of a razor blade. The measured THz signal is proportional to the fluctuation of the THz transmission during the "on" and "off" states of the optical gating beam chopped by the mechanical chopper. When the optical gating pulse arrives at the GaAs wafer earlier than the THz pulse, the generation of photocarriers will increase the local conductivity of the GaAs wafer and decrease the THz transmission in an area determined by the focal size of the optical gating beam. The decrease of terahertz transmission, due to the increase of local conductivity, can last for a time scale of 100 ps, until the electron and holes diffuse into the sample and eventually recombine [7] .
A. Experiments on a Dynamic Aperture Created on a GaAs Wafer
To investigate how the gating beam size affects the THz signal level, the size was changed by moving the gating beam focusing lens along the beam propagation direction at a step size of 1 mm. The measured optical gating beam diameters were 22, 38, 65, 88, 126, 160, 184, 212, and 232 m, respectively. The gating beam power was 12 mW, and a semi-insulated GaAs wafer with resistivity 2 10 cm was used as the gating material. By chopping the optical gating beam and moving the time delay between the THz pump and probe beams, a set of THz waveform was measured, as shown in Fig. 3 . A vertical shift is made to clarify the data. To illustrate the modulation effect of photocarriers on THz pulses, a corresponding set of data was also recorded by changing the time delay between the THz and optical gating beams, as shown in Fig. 4 . The absolute THz in Fig. 5 . The result clearly tells that the dynamic aperture technique is free of the spatial filter effect, since the thickness of the photocarrier layer on a GaAs wafer is on the order of 1 m. The THz bandwidth can still be maintained. This is one of the main advantages of this unique technique Fig. 6 illustrates how the amplitude of the peak frequency (0.9 THz) varies with the nine different gating beam sizes. It is noticed that the THz signal becomes nearly constant for the last two small gating beam diameters, since the decrease of THz signal due to the decrease of the gating beam spot size is cancelled from the increase of the conductivity of the local photocarrier layer. It is understandable that not only the size of the optical gating beam but also the conductivity of the local photocarrier layer affects the magnitude of the THz signal. By considering the above two factors, a simulation based on classical aperture diffraction theory and Drude model was performed. The diffraction theory was used to calculate the change of THz signal with the size of gating beam, and the THz wave transmission through the photocarrier layer was calculated by the Drude model and Fresnel formula. As shown in Fig. 6 , the simulation fits the experimental data well.
B. Experiments on a Dynamic Aperture Created on a Silicon Wafer
Similarly, on an n-doped silicon wafer with resistivity 4.5 cm, a set of THz waveforms like in Fig. 3 was measured and is shown in Fig. 7 . It is seen that the decrease of the THz signal with the gating beam sizes does not follow the trend shown in Fig. 3 . The signal is almost saturated after the gating beam diameter has decreased to 126 m. Fig. 7 shows the experimental result of changing the time delay between the THz and optical gating beams. When the gating beam diameter was 22 m, the disappearance of the step-function-like variation of the THz signal is salient, in comparison to the same measurement on a GaAs wafer. There exist THz signals even when the gating beam arrives later than the THz beam, and the magnitude of the signal is 4 times larger than that of GaAs.
The above experimental phenomena are attributed to the local temperature increase induced by the previous gating pulses. The local temperature increase changes the complex refractive index of silicon, especially the imaginary part. Such a temperature effect can last as long as several milliseconds in silicon [8] . Since the repetition rate of our laser is just 250 kHz, the effect can still influence the THz transmission even when the gating beam arrives later than the THz beam on the silicon wafer. When the gating beam arrives at the sample earlier than the THz beam, the absence of the photocarrier modulation on the THz beam is due to the small area of the local photocarrier layer, which can modulate only a small portion of the transmitted THz radiation. The modulation effect of the photocarrier is actually buried in the fluctuation of the THz signal caused by the temperature effect. By increasing the gating beam diameter on the sample to 232 m, as shown in Fig. 8(a) , the modulation of the THz beam by the photocarriers can be observed, since the larger gating beam diameter means less light intensity and less temperature increase but larger THz modulation by photocarriers.
The local temperature increase of a silicon wafer by the incidence of an optical beam is proportional to the light intensity. Therefore the THz signal modulated by the temperature effect should decrease when the gating beam power decreases. The above phenomenon is shown in Fig. 8(b) . The gating beam power was reduced to1.8 mW, and the THz signal modulated by the photocarriers can be observed when the gating beam size is 22 m [ Fig. 8(b) ]. By decreasing the laser repetition rate to 10 kHz but maintaining the gating power, the experimental result shown in Fig. 8(c) tells that the measured THz signal was mainly due to modulation of the photocarrier layer.
The above results indicate that the spatial resolution of a THz imaging system with a dynamic aperture created on a silicon wafer is limited. In principle, if the modulation of the THz signal is due only to the photocarrier layer, the spatial resolution should be uniquely determined by the diameter of the photocarrier layer or the gating beam size on a semiconductor wafer. But, in the case of a silicon wafer, the existence of the temperature effect actually damages the spatial resolution, since the detected THz signal at small focal size of gating beam is mainly from the temperature modulation and is proportional to the heated area. The size of the heated area can be much larger than that of the photocarrier layer, due to the heat diffusion and the relatively long lifetime of the temperature effect. Fig. 9 . THz wave images of some metal circuits deposited on a GaAs wafer, imaged by (a) near-field technique with a dynamic aperture, (b) the conventional THz imaging technique, and (c) near-field technique with a dynamic aperture (the sample was flipped).
III. NEAR-FIELD THz WAVE IMAGING

A. Near-Field THz Wave Imaging With a Dynamic Aperture Created on a GaAs Wafer
When the optical gating beam is incident on a metal line deposited on a GaAs wafer, the THz signal detected in the experimental setup of THz imaging with a dynamic aperture will not exist, since there is no THz transmission through the metal. Fig. 9(a) shows a THz image of a simple metal circuit deposited on a semi-insulating GaAs wafer, obtained with the dynamic aperture technique. The optical gating pulse was focused by a lens with cm. Its focused spot size was 50 m, and the pulse's timing was set so that it arrived at the sample several picoseconds earlier than the THz pulse.
For comparison, the same circuit was also imaged by the conventional THz imaging technique, in which the optical gating beam was blocked and the THz optical pump beam was modulated by a chopper. The image is shown in Fig. 9(b) . From Fig. 9(a) and (b) , it is clear that the spatial resolution and the image contrast have been greatly improved by the introduction of a dynamic aperture. The transient photocarrier layer, excited by the optical gating beam, serves as a near-field aperture, which partially blocks the THz transmission in a region with a size much smaller than the focal spot of THz beam. Since the dynamic aperture and the metal circuit are directly on the sample front surface, THz propagation is not involved and the spatial resolution of the THz image is thus solely determined by the focal size of the optical gating beam. To test the effect of THz propagation, the circuit sample was flipped and a THz image of the circuit on the backside of the wafer was obtained, as shown in Fig. 9(c) . The wafer thickness was 0.4 mm, so the circuit pattern was 0.4 mm from the dynamic aperture. The THz beam propagated such a distance to reach the pattern, and the spatial resolution and contrast were relatively reduced, clearly showing the diffraction effect. The result also indicates that the dynamic aperture technique can be applied to image the biological sample, if the sample is placed closely to the backside of a thin wafer.
To quantitatively estimate the spatial resolution of the THz imaging system with a dynamic aperture, a simple metal pattern deposited on an LT-GaAs wafer was imaged [ Fig. 10(a) ]. The separation of two metal films was 50 m. The optical gating pulse was focused by a lens with cm, and its focused spot size was 22 m. As seen in Fig. 10(b) , from the distance between the 90% and 10% of the maximum THz signal level, the spatial resolution was estimated to be 36 m, which is 10, where is the peak THz wavelength (at 0.9 THz). The difference between the achieved spatial resolution and the gating beam focal size can be attributed to the difference between the coherent and incoherent measurements. The estimated optical gating beam size of 22 m was based on the measurement of a razor-blade scanning, in which the optical light intensity was detected. In the THz imaging setup, the THz electrical field was measured and is a coherent measurement. Theoretically, the spatial resolution of incoherent imaging is times better than that of coherent imaging. By considering the above factor, it can be concluded that the spatial resolution of near-field THz imaging with a dynamic aperture created on a GaAs wafer is determined by the focal size of the optical gating beam. The other factor limiting the spatial resolution is the system signal-tonoise ratio (SNR). Decreasing the spot size of the gating beam on the sample can increase the spatial resolution, but it can also decrease the modulation of THz beam, thereby degrading the signal-to-noise ratio. There is a tradeoff between the image resolution and SNR.
To explore some unique imaging capabilities of the imaging system with a dynamic aperture, the word "THz" was carved on the surface of a GaAs wafer by optically damaging. The total size of this word was within an area of 0.3 0.5 mm. Fig. 11 shows the THz image of the word "THz" obtained by using the dynamic aperture technique. It should be noted that this kind of image cannot be obtained by the conventional THz imaging technique. To illustrate this, a larger area ( 0.5 0.5 cm) on the same GaAs wafer was damaged and imaged. The image obtained by the dynamic aperture technique is shown in Fig. 12(a) , and the conventional THz imaging technique could not show any difference between the damaged and undamaged areas, as seen in Fig. 12(b) . Conventional THz imaging is not sensitive to such a tiny change in the surface quality. However, the depth of THz modulation from the photocarriers in those two areas is different, owing to the difference of light absorption and photocarrier lifetime. The above image results indicate that the dynamic aperture technique has the potential to be used to characterize aspects of semiconductor surfaces such as doping level and type, with a spatial resolution limited by the near-infrared wavelength and the near-field effect. Fig. 13 shows THz wave images of a p -doped (5 10 cm ) annealed area on an n-doped silicon wafer. Since the wafer conductivity is high in the doped and annealed area, the image from the conventional method can, of course, distinguish the doped and undoped regions on the same silicon wafer, as shown in Fig. 13(a) . But the image [ Fig. 13(b) ] obtained by the dynamic technique shows a spatial resolution that is much improved, which helps to locate the interface between the doped and undoped regions in a more accurate way. Fig. 14(a) shows a THz image of a p -doped unannealed area on an n-doped silicon wafer obtained in the imaging setup with a dynamic aperture. The gating beam power was 1.8 mW, and its size was 22 m. A scan across the p -doped unannealed and n-doped areas indicates a spatial resolution of 60 m instead of 22 m, as shown in Fig. 14(b) . In comparison with the resolution achieved with a GaAs wafer, the reason for the relatively poor resolution is that the THz signal detected with the above gating beam power was mainly from the modulation due to the temperature effect from previous pluses. The lifetime of the temperature effect is several milliseconds and the heat flow can diffuse locally due to the higher thermal conductivity of silicon.
B. Near-Field THz Wave Imaging With a Dynamic Aperture Created on a Silicon Wafer
It should be emphasized that imaging of the p -doped unannealed area on an n-doped silicon wafer can only be accomplished with the dynamic aperture technique. The image cannot be realized by the conventional method, since the resistivity of the p -doped unannealed area on an n-doped silicon wafer is almost the same as that of the undoped area. With the dynamic aperture technique, the image could not be reproduced when the laser repetition rate was decreased to 10 kHz and the gating power was 1.6 mw. This tells that the imaging mechanism of a p -doped unannealed area on an n-doped silicon wafer is due to the THz modulation of the temperature effect instead of photocarriers. It further indicates that the p -doped unannealed area, in comparison with the undoped area, has either a different variation of complex refractive index with the same local temperature increase or a different temperature increase with the same gating beam power. The application of the dynamic aperture technique to the characterization of semiconductor surface quality is anticipated.
IV. DISCUSSION
It should be emphasized that near-field THz imaging with a dynamic aperture and those reported in [4] and [5] are all accomplished in an illumination mode, in which the sample is illuminated by a spatially confined THz wave. The THz wave experiences the diffraction effect before it is detected in the far field. Recently, near-field THz imaging in the collection mode has been reported [9] , [10] . A low-temperature (LT) GaAs photoconducting antenna with a protruding GaAs taper is used as the THz-wave detector and is placed closely to the sample. The THz wave in this mode does not experience the diffraction before it is detected; a higher spatial resolution is expected to be achieved in this mode. Inthecollectionmode,the -timesdifferenceofthespatialresolution between the coherent and incoherent measurements can be avoided. Unfortunately, the waveguide effect that limits the bandwidth of the detected THz pulse still exists.
With a more focused optical gating beam on a GaAs wafer, the spatial resolution of a near-field terahertz wave imaging system can be further improved. The laser fluence of the optical gating beam on the GaAs wafer has to be smaller than 175 mJ/cm , which is the ablation threshold of GaAs [11] . When the gating beam size is smaller than one-tenth of the THz beam focal size, the classical diffraction theory applies and the THz signal detected in the imaging system with chopped optical gating beam decreases in terms of the square law of the gating beam diameter. The spatial resolution of the imaging system can be approximately estimated by equality in which is the THz beam focal size, SN is the signal-tonoise ratio when the gating beam size is 10, and the minimum acceptable system signal-to-noise ratio is assumed to be ten.
V. CONCLUSION
Near-field terahertz wave imaging with a dynamic aperture created on a semiconductor wafer has been presented and discussed in this paper. With a dynamic aperture created on a GaAs wafer, a subwavelength spatial resolution of 10 has been achieved and the spatial resolution of such a near-field terahertz wave imaging system is determined by the diameter of the gating beam induced thin photocarrier layer. Due to the temperature effect, the above conclusion is not applicable to the imaging system with a dynamic aperture created on a silicon wafer.
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